A transient multiphase CFD model was set up to investigate the main causes which lead to cavitation in positive displacement (PD) reciprocating pumps. Many authors such as Karsten Opitz [1] agree on distinguishing two different types of cavitation affecting PD pumps: flow induced cavitation and cavitation due to expansion. The flow induced cavitation affects the zones of high fluid velocity and consequent low static pressure e.g. the valve-seat volume gap while the cavitation due to expansion can be detected in zones where the decompression effects are important e.g. in the vicinity of the plunger.
Introduction
The phenomenon of cavitation in pumps is still a complex problem to study. If one focuses on the sole their complexity, will be demonstrated in this paper.
The main feature successfully implemented in the model developed by the authors, which puts this work ahead of the previous work such as that carried out by Ragoth Singh [3] , is the simultaneous coexistence of the following sub-models: [6] .
The important role of the non-condensable gasses in cavitation was also pointed out by Tillmann Baur [7] who carried out an experimental test to demonstrate the interaction of the gases dissolved in the water on the bubble dynamics.
Many authors such as Karsten Opitz [8] agree on the partitioning of the cavitation types into incipient (also referred to as marginal cavitation), partial and full cavitation. They are characterized by different features as described in [8] and it is of crucial importance, for the designer, to know which cavitating condition the pump being designed will operate in. In the case of incipient or marginal cavitation, for instance, it is understood [1] that the number of bubbles and their distribution do not seem to be harmful to the pump and, avoiding any operating condition in this range, would result in a uneconomical device. In the case of partial to full cavitation the damage as well as the loss in performance may be extremely high and allowing the pump to operate at that condition would result in failures and loss of money.
A CFD Study on the mechanisms which cause cavitation in positive displacement reciprocating pumps
The cavitation phenomenon in PD pumps appears to be different from the one occurring in centrifugal pumps. In the latter case cavitation is related to the low pressure induced by the high velocity which affects the rotor at certain operational conditions (flow induced cavitation) while, in the case of PD pumps, cavitation may depend on the low static pressure due to the plunger decompression at the beginning of the inlet stroke as well as on the high velocity that the flow through the inlet valve may experience. This was discussed by Karsten Opitz [1] .
The work presented in this paper was based on a transient CFD model of a PD reciprocating plunger pump to investigate the cavitation dynamics in incipient to full cavitating conditions and discusses the rate of production/destruction of vapour in the vicinity of the plunger, where the flow velocity is small, and in the volume between the inlet valve and its seat where the velocities are high and the Bernoulli's effect is important.
Material and Methods
The 
Set up cases
A mesh sensitivity analysis was carried out to define the best mesh size and spacing within the opposing needs of achieving good accuracy and keeping the computational time low. To this purpose three mesh sizes were tested; 3, 5 and 6 Million cells overall.
The 5 M cells model was chosen because it proved the best results at a lower computational time than the 6 million cells case.
The ANSYS-Fluent commercial code was chosen to solve the Reynolds Averaged Navier Stokes (RANS) equations and Table 1 A CFD Study on the mechanisms which cause cavitation in positive displacement reciprocating pumps of energy conservation was neglected. Case 1 0 -ΔP (see Figure 5 ) 0 + ΔP (see Figure 5 ) See figure 4 Case 2 25 -ΔP (see Figure 5 ) 25 + ΔP (see Figure 5 ) See figure 4 Case 3 50 -ΔP (see Figure 5 ) 50 + ΔP (see Figure 5 ) See figure 4 Case 4 100 -ΔP (see Figure 5 ) 100 + ΔP (see Figure 5 ) See figure 4 The amount of non-condensable gas considered in the flow and listed in Table 1 behaved as ideal gas and its temperature variation under the overall pressure field was neglected. For all cases the inlet and outlet pressure were set as the sum of a constant value, ranging from 0kPa to 100 kPa (depending on the case) and a transient value depending on the mass flow which was automatically calculated every time was not under investigation, the authors decided to fix the curve to the one shown in Figure 5 which was fed into the solver by means of a piecewise linear law. Table 2 summarizes the four pressure boundary conditions for the four cases studied. A displacementtime law was chosen to drive the plunger and the moving mesh attached to it as previously explained, in a manner similar to [10] . The displacement history over crank rotation is shown in Figure 4 .
A CFD Study on the mechanisms which cause cavitation in positive displacement reciprocating pumps simultaneously in the pump chamber. The first, the cavitation due to expansion affected the low pressure A CFD Study on the mechanisms which cause cavitation in positive displacement reciprocating pumps Table 3 which quantifies it as 205.3°, 25.3° in the early stage of the outlet stroke. Figure 13(b) shows the consequent delay in outlet valve opening which was the reason for the 7% loss of volumetric efficiency shown in Table 3 which quantifies it as 205.3°, 25.3° in the early stage of the outlet stroke. Figure 13(b) shows the consequent delay in outlet valve opening which was the reason for the 7% loss of volumetric efficiency shown in Table 3 . According to the described phenomena, one can assume that the pump was operating at full cavitating conditions in accordance with Karsten
Results and Discussion
Opitz [1] , [8] . Figure 14 to Figure 16 present the contour plots of pressure, velocity and vapour volume fraction respectively taken when the plunger reached 120° of rotation (just after the peak of vapour generation) and qualitatively confirm the numerical trend of Figure 7 to Figure 13 . 
Case 2
( Figure 7 ) The chamber monitor point pressure during the induction stroke approached the saturation vapour pressure. Figure 8 shows a behaviour of the vapour fraction similar to case 1 but the maximum values estimated by the CFD solver were lower (15%) and remained almost constant over a narrower range (90°-165°). It can be observed from Figure 9 that also, in the vicinity of the plunger, the vapour fraction follows a similar trend to case 1 with a smaller peak (6%) and a linear increase in the vapour volume fraction but at a lower rate. All the observations on the flow induced cavitation and cavitation due to expansion made for case 1 are qualitatively valid also for case 2. The smaller overall amount of vapour generated implied a smaller delay in valve closing which can be observed in Figure  13 (a). Table 3 quantifies the delay of 14.6° and a volumetric efficiency loss within the limit of 3% discussed by John Miller [6] . One can assume that case 2 describes a pump operating in the partial cavitating condition in accordance with Karsten Opitz [1] , [8] . 
Case 3
Although the monitor pressure point in the chamber during the inlet stroke generally remained above the saturation vapour pressure (see Figure 7) , a 5% peak of vapour fraction was present in the gap volume as shown in Figure 8 and occurs at 120° of crank rotation. One may say that on the whole the pressure remained above the vapour limit but locally there were regions affected by low pressure. In this case 
Case 4
The chamber minimum pressure remained either generally or locally safely above the vapour limit, the minimum monitor point pressure/time curve ranged around the ambient pressure as shown in Figure 7 . fraction. Such a phenomenon is commonly known as "gas cavitation" [7] . Among all cases this one is the closest to the theory in terms of inlet mass flow as pointed out by Figure 12 and it is affected by the least amount of volumetric efficiency loss (   Table 3) . The model was accurate enough to quantify the amount of vapour produced and destroyed in the chamber and therefore the efficiency loss throughout the four operational conditions could be calculated. 
Conclusion

